Ethylene adsorption on a Ni 55 nanocluster was studied by means of the density functional theory (DFT)/B3LYP using the basis sets of 6-31G(d,p) and 86-411(41d)G in Gaussian 03. The Ni 55 nanocluster was found to have a distorted icosahedral geometry, in accordance with the experimental findings. The binding energy value for the Ni 55 nanocluster was calculated to be 3.51 eV/atom using equilibrium geometry calculations. The estimated bulk nickel binding energy was in reasonable agreement with the experimental value (4.85 versus 4.45 eV/atom). In addition, equilibrium geometry calculations were performed for ethylene adsorption on the Ni 55 nanocluster for 2 different coordination numbers of 6 and 8 with π -adsorption modes.
Introduction
Developments in nanoscale science enable scientists to atomically engineer and characterize clusters of any size and composition. The importance of these developments lies in the fact that clusters offer a novel class of materials with electronic, catalytic, and magnetic properties that are different from the bulk.
According to a study by Grigoryan and Springborg, 1 nickel clusters that have N number of atoms in the range of 10-10,000 have interesting properties. In this particular work, different sizes of clusters were taken into consideration for a particular reaction in order to evaluate the effects that could be observed, since it was claimed that the structure and properties of a cluster depend on N. Schmid et al. 2 emphasized that the basic reason for producing nanoparticle-based catalysts is to improve the ratio of the active surface to the total metal volume, where the catalytic properties change qualitatively with changes of the metal particle size.
An icosahedral structure was first identified for nickel clusters by looking at the size dependence of the chemical reactivity with various probe molecules.
3−5 Parks et al. experimentally investigated the structure of nickel clusters by use of ammonia 6 and nitrogen 7, 8 adsorption on neutral nickel gas clusters for different cluster sizes ranging from 3 to 120 atoms. They reported that all of the nickel nanoclusters including Ni 55 had Mackay icosahedral structures, and the magic-number clusters such as Ni 13 and Ni 55 were observed experimentally. Similarly, the icosahedral structure of Ni 55 was found in a large mass range with threshold photoionization experiments and standard mass spectrometry by Pellarin et al.
5
Chemical probe experiments on Ni clusters 6−9 showed icosahedral symmetry for N > 48. Parks and Riley 9 stated that bare nickel clusters in the size range of 49 ≤ N ≤ 105 preferentially adopt icosahedral-based structures, and the experiments showed evidence of regular icosahedra and icosahedra with closed subshells.
There are many theoretical calculations on nickel clusters by a variety of techniques, including the methods based on density functional formalism. These are the embedded atom method (EAM), 10 the effective medium theory (EMT), 11 the corrected effective medium (CEM), 12 and tight-binding molecular dynamics (TBMD) and the linear combination of Gaussian-type orbitals-local density functional (LCGTO-LDF) method. 13 Lathiotakis et al. 13 studied Ni clusters with N = 13 and N = 55 by using the tight-binding (TB; semiempirical) molecular dynamics (MD) method. They reported that the most stable structure among these clusters was icosahedral. investigated icosahedral closed-shell clusters with N = 13, 55, 147, 309, . . . , 5083. They concluded that the icosahedral structures were more stable at atom numbers up to N = 1415.
In another study by Montejano-Carrizales et al., 18 Ni clusters in the size range of 13-147 were studied with EAM while keeping the cluster structure relaxed only up to N = 78; Jahn-Teller distortions were not included. In that work, 2 different types of structures based on icosahedral growth were considered, and a Mackay icosahedron was reported for the Ni 55 cluster. Doye Co, and Ni using the spin-polarized density functional theory (DFT) and generalized gradient approximation (GGA) implemented in the Vienna Ab-initio Simulation Package (VASP). It was also reported that icosahedral structures had lower energies than other structures at all total magnetic moments. It was implied that the cohesive energy of a cluster increased with the increasing size of cluster. Onal et al. 27 investigated Ni 2 dimers and Ni 13 nanoclusters quantum mechanically in terms of their structures, binding energies, and bond lengths by use of the DFT/B3LYP method with 3 different basis sets.
Carbon monoxide and oxygen adsorption on nanosized gold particles such as Au 10 nanoclusters and on Au(111) and Au(210) single-crystal surfaces were studied quantum mechanically by Lopez et al. The primary aim of this study was to perform equilibrium geometry calculations for a Ni 55 nanocluster by using the DFT/B3LYP method. The results were compared with other theoretical and experimental data in terms of geometric structure and binding energy/atom values. In addition, for 2 CNs, a comparison of ethylene adsorption energies on a Ni 55 nanocluster with π -adsorption mode was made as a function of the CN of the Ni atom of the active site.
Nanocluster model and theoretical approach
All calculations in this study were based on DFT 31 implemented in the Gaussian 03 suite of programs. 32 To take into account the exchange and correlation term, B3LYP 37 that the hybrid B3LYP method is a highquality density functional method for use in organic chemistry, and also that the application of the hybrid basis sets predicted correct geometries for large cluster systems. 38, 39 Moreover, for structures containing transition metal atoms, the B3LYP functional gives precise binding energies, whereas it yields somewhat short bond lengths.
40−42
Related to the construction of the Ni 55 nanoclusters, it is known that the first magic-number cluster following the nickel dimer is Ni 13 . Magic-number clusters are generally obtained by surrounding 1 single metal atom with metal atom layers by obeying the formula y = 10n 2 + 2 suggested by Schmid 43 where y is the total number of atoms at the nth layer. Ni 13 clusters are known to be developed by surrounding 1 single nickel atom with 12 nickel atoms conforming with the Mackay icosahedral structure as suggested theoretically 5, 13, 14, 44, 45 and experimentally. 46 Similarly, for the construction of our Ni 55 nanocluster, input geometry was set up from a Ni 13 nanocluster by adding a second layer according to the formula y = 10n 2 + 2. It was mentioned by
Lathiotakis et al. 13 and Luo 23 that Jahn-Teller distortions of electronically degenerate configurations play an important role in the full optimization of nickel clusters. It was explicitly noted that a wrong structure for nickel clusters could be found by ignoring directional bonding in the d manifold in equilibrium geometry calculations. 23 Hence, the quantum mechanical calculations included JahnTeller distortions without using any symmetry constraint.
Quantum mechanical investigations consist of structural information and the total system energy for the optimum geometry of the considered cluster. In order to convert the calculated total energy of the cluster to the atomic binding energy, the following formula was used Here, n is the number of atoms in the cluster. It should be noted that the quantum mechanical calculation method was kept the same for both the single atom and the cluster.
The parameter of n −1/3 , where n is the number of atoms in the cluster, generally provides a linear relationship with the binding energy of clusters. The intercept of the resulting line with the binding energy axis provides a theoretical estimate for the probable binding energy of bulk nickel with an infinite number of atoms. In this study, the computed binding energy of the Ni 55 nanocluster was used together with previous data from the literature 27 including the binding energies of Ni 2 (dimer) and Ni 13 nanoclusters, to investigate the above correlation. These findings were also compared with previous experimental and theoretical data from the literature.
All atoms were kept relaxed in all directions and their electrons were not kept frozen in this study. Equilibrium geometry (EG) calculations were performed for the determination of the binding energy of nickel and the adsorption energy of ethylene. Computed <S2 > values confirmed that the spin contamination was very small (maximum: 0.9% after annihilation). Convergence criteria were the gradients of maximum force, root-mean-square (rms) force, maximum displacement, and rms displacement, and these were found in Gaussian 03 to be 0.000450, 0.000300, 0.001800, and 0.001200, respectively.
The computational strategy employed in this study was as follows Initially, the correct spin multiplicity (SM) of the nanocluster and adsorbing molecule was determined by single point energy (SPE) calculations. SPE values were also calculated with different SM numbers for the nanocluster system which included the adsorbing molecule. The SM number that corresponded to the lowest SPE was accepted as the correct SM. The cluster and the adsorbing molecule, ethylene, were then fully optimized geometrically by means of EG calculations. The relative adsorption energy was defined by the following formula:
where E system is the calculated equilibrium energy of the given geometry containing the cluster and the adsorbing molecule; E cluster is the energy of the cluster; and E adsorbate is the energy of the adsorbing molecule, which was ethylene in this case.
Results and discussion

Optimization and binding energy of Ni 55 nanocluster
Geometry optimization calculations for the magic-number cluster of Ni 55 were carried out using the DFT method in Gaussian 03. The SM number of the nanocluster was 11, corresponding to the lowest energy. The EG calculation for the Ni 55 nanocluster, which was carried out without using any symmetry constraints and by allowing for Jahn-Teller deformations, resulted in a distorted icosahedral geometry structure using the DFT method. The optimized geometry of the Ni 55 nanocluster is shown in Figure 1 . Figure 2 represents the EG of the nanocluster with the details of the cluster geometry. The resultant geometry was found with the Jahn-Teller distortions as also suggested experimentally 5, 6 and theoretically. As indicated in Figure 2 , for the Ni 55 nanocluster, the average bond distance between the first shell and the center atom was computed as 2.43 ± 0.02Å. The average bond distance between the atoms in the first shell and the other atoms neighboring them, including the center atom and the second-shell atoms, was 2.49 ± 0.01Å. Finally, the average bond distance considering only vertex atoms in the outer (second) shell and the atoms neighboring those was 2.56 ± 0.03Å. In this work, the computed binding energy data of the Ni 2 dimer and Ni 13 nanocluster from our previous study 27 were considered together with the binding energy of the Ni 55 nanocluster obtained in this study for the investigation of the above correlation. Table 2 , where the trend line for our data is shown with a bold black line. This study's corresponding extrapolation for the bulk value was 4.85 eV/atom, a good estimation for the bulk nickel binding energy at an infinite value of N; this experimental value was reported as 4.45 eV/atom by Voter and Chen. The Ni 55 nanocluster has 2 alternative adsorption sites with CNs of 6 and 8 that can be considered for the cluster surface geometry. Ethylene adsorption was studied with the π -adsorption mode for both CNs on the Ni 55 nanocluster in this study. The adsorption energy was computed as -0.87 eV for CN 6. The optimized geometry of this type of adsorption is shown in Figure 4 . The adsorption energy for CN 8 was calculated to be -0.68 eV, and the optimized adsorption geometry is shown in Figure 5 . Presently, there is no theoretical or experimental study concerning ethylene adsorption on Ni 55 nanoclusters in the literature.
It was reported
53 that for most metals, 2 general types of low-temperature spectra have been reliably identified and assigned to 2 distinct nondissociative adsorption modes of ethylene. These are the di-σ adsorption and π -adsorption modes. In the di-σ adsorption mode, the ethylene molecule interacts directly with 2 metal atoms, while it interacts with a single metal atom in the π -adsorption mode. It was claimed that, in some cases, both types of species coexist; in other cases, one type occurs on one crystal surface of a given metal and the other occurs on a different one. In our study, only the π -adsorption mode of ethylene was observed on the Ni 55 nanocluster for both coordination numbers. Even though a slight tendency for a hybrid adsorption mode was noticed on the nanocluster, the di-σ adsorption mode was not examined in a complete manner on the Ni 55 nanocluster.
It can be stated that ethylene adsorption energy increases from 0.68 to 0.87 eV with Ni CNs decreasing from 8 to 6 for the Ni 55 nanocluster. It was already mentioned 29 that the adsorbate bond energy increases with an increase in the degree of coordinatively unsaturated metal atoms. This is also due to the decrease in the localization energy of electrons on the surface metal atoms for structures with fewer neighboring atoms. It was further observed that the atomic charge (+0.106) of Ni atoms with CN = 6 is relatively higher than the charge value of +0.006 for Ni atoms with CN = 8. In our previous study, 30 a similar trend was observed for ethylene 
Conclusions
Optimizations of a Ni 55 nanocluster and ethylene adsorption were studied by means of the DFT/B3LYP method. Equilibrium geometry calculations for the Ni 55 cluster resulted in the lowest binding energy of 3.51 eV/atom, which led to an intercept value of 4.85 eV/atom together with correlations considering the Ni 2 dimer and Ni 13 nanoclusters from our previous study. The calculated intercept value which actually refers to the theoretical bulk value of the binding energy of nickel was in reasonable agreement with the experimental bulk value of 4.45 eV/atom.
In addition, ethylene adsorption energies were obtained for the Ni 55 nanocluster as approximately -0.87 eV and -0.68 eV for CNs 6 and 8, respectively. It can be stated that ethylene adsorption energy increases with as the CN of Ni decreases from 8 to 6.
